Background {#Sec1}
==========

Non-LTR retrotransposons (nLTR-RTs) are ubiquitous in vertebrate genomes and have profoundly affected the size, structure and function of these genomes \[[@CR1]--[@CR4]\]. nLTR-RTs constitute a diverse and ancient group of transposable elements whose origin predates the diversification of the main eukaryotic lineages \[[@CR5]\]. They can be classified into 28 clades that differ in the number of open-reading frames (ORFs - one or two) and the presence of functional motifs \[[@CR6]\]. The mode of mobilization of nLTR-RTs has not been elucidated for all clades but it is likely that, considering their structural similarities, all these elements transpose via a target-primed reverse transcription reaction, as experimentally demonstrated for the R2Bm and L1 elements \[[@CR7], [@CR8]\].

Since nLTR-RTs are rarely transmitted horizontally in vertebrates (with the exception of elements of the RTE clade \[[@CR9]--[@CR11]\]), the interaction between nLTR-RTs and the genome of their host is among the most intimate and long-lasting co-evolutionary processes found in nature. nLTR-RTs have been a source of evolutionary novelties \[[@CR3]\], yet they can also be a source of deleterious alleles \[[@CR12]--[@CR14]\]. Thus, vertebrate hosts have evolved a number of repression mechanisms that have in turn affected the evolution of the nLTR-RT \[[@CR15]\]. Vertebrate genomes and nLTR-RTs have shaped each other's evolutionary fate and the signature of these interactions can be seen in the sequence of retrotransposons. For instance, the ORF1 of mammalian L1 carry the signature of adaptive evolution \[[@CR16]--[@CR18]\], whereas the recurrent replacement of the promoter region during L1 evolution is indicative of an arms race between L1 and host-encoded repressors of transcription \[[@CR16], [@CR17], [@CR19], [@CR20]\].

The base composition of nLTR-RTs may also reflect the nature of the interactions between elements and their hosts. The L1 sequence in mammals is AT-rich with an A bias on the positive strand \[[@CR16]\]. From the perspective of L1 transposition, this base composition is not optimal since A-rich sequences are poorly transcribed, due, in part, to the presence of premature poly-adenylation signals causing early termination of transcription \[[@CR21], [@CR22]\]. Indeed, a synthetic codon-optimized L1 element replicates much more effectively in a retrotransposition assay \[[@CR23]\]. In addition, the A-richness of L1 makes the codon usage of its ORFs poorly adapted for efficient translation \[[@CR24]\]. This raises the possibility that the unusual base composition of L1 is a mechanism of self-regulation \[[@CR25]\] and may reflect a trade-off between transposition efficiency and the deleterious effect of L1 on its host \[[@CR21]\]. For instance, an L1 element with an unbiased base composition will replicate more effectively but this could result in a rate of transposition that is so deleterious for the host that such an element would not persist in the population.

The base composition is one of the most fundamental properties of a DNA sequence because it profoundly affects a number of important functions such as the efficacy of transcription \[[@CR22], [@CR26]\], the secondary structure of DNA and RNA molecules, the codon usage \[[@CR27], [@CR28]\] as well as the amino acid composition of encoded proteins \[[@CR29]\]. All these aspects can potentially affect the reaction of retrotransposition and the overall replicative success of the element \[[@CR22]\]. In addition, the base composition of an element can affect the host upon insertion by decreasing the efficacy of transcription of host genes \[[@CR30]\], which explains the rarity of AT-rich L1 elements in introns \[[@CR31]\], or by modifying the epigenetic status of the region where it inserts \[[@CR32]\], for instance by providing novel CpG sites in the case of a GC-rich element. However, since the pioneering work of Lerat et al. \[[@CR24], [@CR33]\], the evolution of base composition in transposable elements has not been analyzed in detail, although the number of available genome sequences has drastically increased since these early studies. Here we performed an analysis of the base composition of nLTR-RT in vertebrates. Our goal was to determine if the A-richness of mammalian L1 is a general feature of nLTR-RT or if different clades of nLTR-RT have evolved different nucleotide composition. We also tested if there is a host effect, so that elements belonging to the same clade evolved towards different base composition in different genomes, or if elements from different clades tend to evolve toward similar base composition when in the same genome.

Results {#Sec2}
=======

We examined the evolution of base composition in the major clades of nLTR-RT represented in vertebrates (the dataset is available as Supplementary material [1](#MOESM1){ref-type="media"}). Our dataset consists of 193 consensus sequences which correspond to the most recently active families (\< 5% divergence among sequences within family) in 14 species of mammals (cow, pig, horse, rabbit, human, lemur, armadillo, dog, panda, hyrax, elephant, rat, mouse and opossum), a reptile (the green anole *Anolis carolinensis*), an amphibian (the African clawed frog *Xenopus tropicalis*) and five teleost fish (the zebrafish *Danio rerio*, the three-spined stickleback *Gasterosteus aculeatus*, the medaka *Oryzias latipes*, the fugu *Takifugu rubripes* and the pufferfish *Tetraodon nigroviridis*). We used the RTclass1 tool \[[@CR6]\] to classify the sequences in their respective clade. Our dataset consists of elements belonging to the L1, Tx1, RTE, I, Rex1, CR1, Daphne, Crack, L2 and R4 clades of nLTR-RT. We also included in our study Penelope elements. The number of sequences, and the diversity of clades differed considerably among organisms, from one consensus sequence in each mammalian species, all belonging to the L1 clade, to 56 in the frog, where 6 clades are represented. The genomes analyzed here contain much larger numbers of nLTR-RT families, but we chose to limit our analysis to recently active families to avoid uncertainties when constructing consensus sequences.

Base composition varies among vertebrate lineages and among nLTR-RT clades {#Sec3}
--------------------------------------------------------------------------

We first compared the base composition of the ORF that encodes the reverse transcriptase activity (homologous to the human L1 ORF2) since it is the only region that is shared among all clades of nLTR-RT and because additional ORFs, when present, are not homologous among clades. We first performed a comparison at the level of vertebrate class (mammals, reptiles, amphibians and teleost fish; Fig. [1](#Fig1){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}). There are significant differences among nLTR-RT clades within the same genomes (for instance *F*~*2,\ 33*~ = 571.02, *p* \< 0.00001 in lizard; *F*~*3,\ 51*~ = 54.00, *p* \< 0.00001 in fish; using ANOVA) and among organisms for the same clade (for instance *F*~*3,\ 75*~ = 75.04, *p* \< 0.00001 for L1; using ANOVA). Fig. 1Base composition of ORF2 for the major clades of nLTR-RT in mammals, lizard, frog and teleostean fish. The base composition of the tetrapod CR1 and the fish Daphne elements are presented next to each other since these clades belong to the same Jockey group of elements \[[@CR6]\]. For comparison, the base composition of the host's exomes were obtained for each gene from the RefSeq databases in NCBITable 1Statistics describing the base composition of ORF2 in nLTR-RTCladesOrganismsN%AT%GC%AGC1GC2GC3PolyANcCAIeCAIRCDIeRCDIL1Mammals1462.3 ± 1.337.7 ± 1.341.5 ± 1.639.5 ± 1.232.9 ± 1.040.7 ± 2.213.5 ± 3.545.30.740.771.411.54Lizard1266.8 ± 1.133.2 ± 1.142.9 ± 1.637.2 ± 1.429.4 ± 0.833.2 ± 2.423.0 ± 6.544.80.720.751.651.71Frog3556.4 ± 3.143.6 ± 3.133.4 ± 3.047.4 ± 3.338.3 ± 2.242.8 ± 4.56.3 ± 3.550.90.790.841.251.31Fish1863.7 ± 2.136.3 ± 2.133.2 ± 3.439.6 ± 2.430.6 ± 2.232.1 ± 2.811.7 ± 7.443.10.720.751.711.92Tx1frog257.7 ± 9.042.3 ± 9.028.8 ± 5.348.0 ± 9.235.7 ± 7.243.1 ± 10.66.0 ± 5.750.30.840.841.201.38fish1161.4 ± 9.638.6 ± 9.633.1 ± 7.844.6 ± 7.333.7 ± 6.637.5 ± 15.59.7 ± 7.646.10.710.731.551.71CR1Lizard153.846.233.850.237.850.72.052.40.780.781.151.38Frog358.2 ± 1.041.8 ± 1.030.4 ± 0.046.1 ± 1.336.0 ± 1.342.6 ± 0.65.0 ± 1.050.10.850.851.171.86DaphneFish466.8 ± 3.033.2 ± 3.039.1 ± 1.436.9 ± 2.628.9 ± 2.233.8 ± 4.710.0 ± 2.946.80.610.641.702.00CrackFish464.7 ± 4.035.3 ± 4.033.6 ± 1.739.3 ± 2.235.3 ± 4.331.3 ± 5.97.0 ± 2.946.50.670.681.702.00L2Lizard1745.1 ± 1.254.9 ± 1.220.5 ± 1.259.1 ± 1.046.1 ± 0.859.4 ± 2.90.9 ± 0.754.70.770.781.111.37Frog252.0 ± 0.948.0 ± 0.921.5 ± 2.049.7 ± 0.846.1 ± 0.248.4 ± 1.62.5 ± 0.749.90.790.811.311.44Fish1957.7 ± 4.442.3 ± 4.426.8 ± 3.745.6 ± 3.838.5 ± 4.040.4 ± 6.63.1 ± 2.751.70.740.771.311.49Rex1Frog351.1 ± 1.248.9 ± 1.227.1 ± 0.548.7 ± 1.643.6 ± 0.555.0 ± 1.41.3 ± 0.654.60.840.831.091.93Fish1247.7 ± 4.952.3 ± 4.925.9 ± 2.747.6 ± 2.942.5 ± 2.847.7 ± 10.11.7 ± 2.852.60.770.791.191.48ILizard154.643.431.950.242.343.7453.20.760.761.201.48Fish665.7 ± 1.534.3 ± 1.539.2 ± 2.241.0 ± 1.633.4 ± 0.828.4 ± 2.715.8 ± 6.242.40.720.741.671.80R4Lizard157.343.738.247.534.346.4251.10.790.771.171.44Fish147.552.531.651.343.263.1149.50.700.731.271.40RTELizard150.050.031.254.341.254.5053.30.790.791.121.36Fish545.4 ± 6.154.6 ± 6.123.7 ± 5.357.1 ± 5.346.4 ± 6.460.4 ± 7.30.4 ± 0.550.70.720.741.271.45PenelopeLizard762.7 ± 3.437.3 ± 3.435.5 ± 1.140.5 ± 4.034.8 ± 0.936.5 ± 5.75.4 ± 2.649.00.750.751.401.61Frog1156.4 ± 2.943.4 ± 2.930.2 ± 2.546.0 ± 2.039.7 ± 2.344.1 ± 5.01.5 ± 1.352.70.840.841.151.39Fish355.2 ± 1.544.8 ± 1.531.7 ± 1.046.4 ± 3.737.1 ± 1.050.7 ± 0.25.0 ± 5.054.10.680.691.241.62N = number of consensus sequences; %AT, %GC and %A = % of nucleotides on the positive strand;GC1, GC2 and GC3 = % of GC at the 1st, 2nd and 3rd positions of codons; *polyA* Average number of potential poly-adenylation signals; Nc = effective number of codons; *CAI* Codon Adaptation Index, *eCAI* Exepected CAI, *RCDI* Realtive Codon Deoptimization Index, *eRCDI* Expected RCDI

Elements of the L1, CR1, Daphne and Penelope clades show a clear tendency to be enriched in AT when compared with the genes of their host (Fig. [1](#Fig1){ref-type="fig"}). In all organisms, the average AT content of the L1 and Penelope clade is significantly higher than in host genes (*p* \< 0.05 for all comparisons using t-test). The difference between element and host genes is significant for Daphne elements in fish (*p* \< 0.0001) but not for CR1 elements in frog (*p* = 0.06). There are however substantial differences among AT-rich clades within the same genome. For instance in lizard, L1 is on average 67% AT while CR1 is 54% AT. The same clade can also differ substantially in base composition among hosts. For instance, in L1, there is a strong and significant bias in favor of A on the positive strand in lizard and mammals (43 and 42% A versus 24 and 21% T, respectively), a moderate bias in the frog (33% A and 23% T) and an even smaller bias in fish, where A (33%) and T (31%) are represented almost equally. In CR1, there is an A bias in lizard but not in frog. The base composition of Penelope and I elements always showed an A bias on the positive strand (Table [1](#Tab1){ref-type="table"}).

The Rex1, L2 and RTE clades show distinct patterns. The base composition of Rex1 is not significantly different to the base composition of the exome of the source species (*p* = 0.173 for frog and *p* = 0.093 for fish; t-test) and does not differ between frog and fish (*p* = 0.135). The base composition of the RTE clade tends to be GC-rich in fish and lizard, but there are substantial differences among families with proportions of GC ranging from 48 to 61%. Interestingly, RTE families can differ considerably in nucleotide content within the same organism. This is exemplified in medaka, whose genome hosts 3 families of RTE. RTE 2 and 3 have GC content just below 50% (48 and 47%, respectively), while RTE1 contains 60% GC (Supplementary material [1](#MOESM1){ref-type="media"}). All fish RTE elements show a G bias on the positive strand (33 to 39% G). The base composition of the L2 clade is equally disparate and shows significant deviation from the composition of host genes. L2 is GC-rich in lizard (55% GC; *p* \< 0.0001 compared with hosts genes using t-test), AT-rich in fish (58% AT; *p* \< 0.0001) and moderately AT-rich in frog (51% AT), C (34%) and then T (30%) being the most represented bases in this organism. It should be noted that the base composition within each vertebrate lineage shows little variation as indicated by small standard deviations on Fig. [1](#Fig1){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}.

We extended our analysis to dinucleotides (Table [2](#Tab2){ref-type="table"}) since genomes exhibit variations in their usage of dinucleotides \[[@CR34]\]. We present here the frequencies of dinucleotides in four clades, L1, CR1 (in lizard and frog), Crack (in zebrafish) and L2, since these clades reflect the range of base composition in nLTR-RT. Elements that are AT-rich, such as L1, CR1, Crack and the fish L2, are also enriched in the dinucleotides ApA, ApT, TpA and TpT, while there is a paucity of GC-rich dinucleotides. In the lizard L2, the most abundant dinucleotides are expectedly GC-rich, the four most represented dinucleotides being CpC, CpT, GpG and TpG. The frog L2 is somewhat unusual: the CpT and TpC are abundant, which is consistent with the base composition of the elements, but the next two most common dinucleotides are surprisingly ApG and GpA, although A and G represent respectively only 22 and 14% of nucleotides. Although the frequency of the different dinucleotides generally reflects the base composition of the elements, the observed and expected dinucleotide frequencies differ significantly for all elements and in all organisms (*p* \< 0.0001 for all comparisons using Chi-square test, d.f. = 15). This is explained, in part, by the systematic under-representation of three dinucleotides across species and across clades, CpG, GpT and TpA, suggesting universal selection against these dinucleotides. The most substantial deviation from expectation is found for the frog L2. Here ApC, CpC, CpT, TpC and TpT are substantially under-represented (although C and T are the most abundant nucleotides) but ApG, GpA and GpG are over-represented given the frequency of the constitutive nucleotides. Table 2Frequency of nucleotides and ratio between the observed and expected frequencies. For each clade the four most common dinucleotides are highlighted in orange. Ratios that are lower than 0.80 are highlighted in blue

Differences in base composition reflect long-term evolutionary trends {#Sec4}
---------------------------------------------------------------------

To interpret long-term evolutionary changes in base composition and the possible impact of horizontal gene transfer (HGT), we investigated differences in base composition in a phylogenetic context. To this end, we built phylogenetic trees for the major clades of nLTR-RT (Figs. [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"} and Supplementary material [2](#MOESM2){ref-type="media"}) and we estimated the level of similarity among amino acid sequences, within and between clades. Fig. 2Phylogenetic relationships among L1 elements based on the entire ORF2. The base composition of each element is shown above the tree. The tree was built with the maximum likelihood method using the LG + G + I + F model of mutation and its robustness was assessed by 500 bootstrap replicates. The tree was rooted using Tx1 elements. Nodes that are supported by bootstrap values higher than 70% are indicated with an asteriskFig. 3Phylogenetic relationships among L2 elements based on the reverse transcriptase domains of ORF2. The base composition of each element is shown above the tree. The tree was built with the maximum likelihood method using the LG + G + I + F model of mutation and its robustness was assessed by 500 bootstrap replicates. Nodes that are supported by bootstrap values higher than 70% are indicated with an asterisk. Roman numbers I to VI refer to the L2 sub-clades (see text)Fig. 4Phylogenetic relationships among Tx1 elements based on the entire ORF2. The base composition of each element is shown above the tree. The tree was built with the maximum likelihood method using the LG + G + I + F model of mutation and its robustness was assessed by 500 bootstrap replicates. The tree was rooted using L1 elements as outgroup. Nodes that are supported by bootstrap values higher than 70% are indicated with an asterisk. Elements with comparatively low AT-content are indicated with arrows (see text)

The L1 clade consists of 5 sub-clades: a lizard clade, a mammalian clade, a fish clade (which includes all fish sequences but two) and two frog clades that are not sister to each other (Fig. [2](#Fig2){ref-type="fig"}). The topology of the tree suggests the persistence in frog and in fish of ancient and diverse L1 lineages, whose divergence predates the split between teleost fish and tetrapods. The amino acid similarity among the most divergent L1 sequences within the lizard, fish and frog clades are low, with average values of 26.5, 27.5 and 31.2% respectively, suggesting that multiple lineages of L1 can coexist and evolve for extended periods of evolutionary time within the same genome, as previously reported in \[[@CR16], [@CR35], [@CR36]\]. Despite this high level of divergence, the base composition remains remarkably constant within vertebrate lineage (Fig. [2](#Fig2){ref-type="fig"}), which is consistent with the small standard deviations on Fig. [1](#Fig1){ref-type="fig"}. This suggests some long-term selective pressure or functional constraint on L1 to maintain AT-richness (in all vertebrates) and an A bias on the positive strand (in mammals, lizard and frog).

The phylogenetic analysis of L2 elements based on the reverse transcriptase domain shows that this clade consists of six sub-clades (numbered I through VI on Fig. [3](#Fig3){ref-type="fig"}): a lizard sub-clade (I), a fish/frog sub-clade (II) and 4 fish sub-clades (III to VI). Elements belonging to the fish/frog sub-clade and to two of the fish sub-clades (sub-clades II to IV) have a single ORF (ORF2) while the other two fish sub-clades (V and VI) have acquired an additional ORF containing an esterase domain. Since these two di-cistronic sub-clades are not sister to each other, it is possible that they have acquired a second ORF independently or that the second ORF was lost in sub-clade IV. The two di-cistronic sub-clades V and VI harbor the strong AT bias observed for other fish elements (\~ 61% AT) while elements in the mono-cistronic sub-clades (II and III) contain a large proportion of the nucleotides C and T and elements in clade IV have a T bias, the three other bases being equally represented. Each of the fish sub-clades contains sequences from multiple species and the level of similarity between species in each sub-clade is similar (\~ 50% similarity). This suggests that the base composition has been maintained in those genomes since before the species diverged. The lizard L2 sub-clades consist of elements that are all GC-rich. The lizard L2 clade experienced an intense diversification and a number of closely related families are concurrently active in this genome \[[@CR36]\]. However, the most divergent subgroups in this sub-clade are on average 36.6% identical at the amino acid level indicating that the GC-richness of L2 in lizard is ancient and has persisted through extended periods of evolutionary time. Most, but not all, lizard L2s have a second ORF, for which we failed to find any conserved domain. It appears that the lizard L2 acquired a second ORF independently twice since the ORF of the most basal elements does not share any homology with the ORF found in the families that experienced a recent diversification.

The Tx1 clade consists of three highly divergent sub-clades (named I through III on Fig. [4](#Fig4){ref-type="fig"}). Each of these three sub-clades remains monophyletic in a wider phylogenetic context (data not shown). In all three sub-clades AT-rich elements dominate but four nested sequences, three in sub-clade I and one in sub-clade III (indicated with arrows on Fig. [4](#Fig4){ref-type="fig"}), are GC rich (\~ 53%). These sequences do not group together and are derived from three different hosts (fugu, stickleback and frog), while all other sequences but one come from zebrafish. This pattern suggests that host-specific forces can cause changes in base composition, or that these four sequences were transferred horizontally from an organism that harbors Tx1 elements with different base composition.

In contrast to the clades described above, the AT-rich base composition of Rex1, I and Penelope has been conserved over extended periods of evolutionary time. For instance, the diversification of Rex1 predates the split between fish and tetrapods and it has persisted in both fish and frog (Supplementary material [2](#MOESM2){ref-type="media"}). Yet, despite this ancient history, the base composition of Rex1 has remained constant over a timespan of 525My \[[@CR37]\]. It should be noted however that one of the frog sequences is much more similar to its closest fish sequence (78% similarity) than expected, which is suggestive of an ancient event of HGT between frogs and fish, or in both lineages from a common source. Thus, we can't exclude that the HGT of Rex1 among lineages has contributed to the apparent pattern of homogeneity in base composition among organisms, although the divergences between elements in the rest of the tree are consistent with the host divergence and suggest that vertical transfer is the main mode of transmission of Rex1.

Variation in base composition across the ORFs {#Sec5}
---------------------------------------------

In order to determine if the difference in base composition extends outside the ORF containing the reverse transcriptase domain (ORF2), we compared the base composition of ORF2 with the upstream ORFs (ORF1) in those clades that have two ORFs, such as L1, CR1 in tetrapods, Daphne in fish and some L2 elements (Fig. [5](#Fig5){ref-type="fig"}). For L1, CR1 and Daphne, ORF1 shows the same nucleotide bias as ORF2 but the bias always tends to be stronger in ORF2 than in ORF1, i.e. ORF2 is always richer in AT than ORF1, and this is true in all vertebrates. In contrast, the two ORFs of L2 differ markedly in nucleotide content. In lizard, ORF2 is GC-rich (\~ 55% GC) but ORF1 is AT-rich (54%). In fish, the phylogenetic analysis suggests that ORF1 was independently acquired twice since the two sub-clades containing elements with an ORF1 are not sister to each other. This is supported by the fact that the base composition of their ORFs differs, 55% AT in one of the sub-clades and 45% in the other one, although their ORF2 is equally AT-rich (61% AT). It should be noted that since ORF1 is not homologous among L2 sub-clades, variations in base composition may not result from long term processes acting on base composition but instead may reflect the original nucleotide content of the sequence that was recruited by the element to form a novel ORF. Fig. 5Comparison of the nucleotide content of ORF1 and ORF2 in L1, CR1 (in lizard and frog), Daphne (in fish) and L2

Variation in base composition at the codon level {#Sec6}
------------------------------------------------

We then investigated base composition at the codon-level in ORF2 (Fig. [6](#Fig6){ref-type="fig"}). The first two positions of codons determine the encoded amino acid but the base composition at the third position, which is mostly neutral, should reflect the mutational process alone. In L1, the base composition shows a strong A bias at the three position of codons, in mammals and lizard, a moderate one in frog and equal contribution of A and T in fish. In tetrapod CR1 and fish Daphne elements, the first and second positions of the codons show similar composition. The two most abundant bases are A and then G at the first position, and A and T at the second position, demonstrating long-term selective constrains with regard to the encoded amino acid. Composition at the mostly neutral third position varies, with similar frequency of AT and GC in lizard CR1, a moderate AT bias in frog CR1 (with T the most abundant base) and a strong AT bias in fish Daphne. In L2, the difference between species is notable. In frog, the three positions are enriched in C and T. In lizard the first and third positions are GC-rich (59% at both positions) while T is the most common base at the second position, followed by C. In fish, L2 tends to be AT-rich at the three positions but there is an A bias at the first position (31% A), a T bias at the second (33%) and third (36%) position. It is interesting to note that the base composition at the third, mostly neutral, position differs among clades between species but also among clades within the same host (ANOVA; *F*~*2,\ 33*~ = 234.25, *p* \< 0.00001 for lizard; *F*~*2,\ 42*~ = 14.13, *p* \< 0.00002 for fish). This suggests that a strictly neutral process does not drive the base composition at the third position and that selection is acting on base composition, independently of the protein-coding capability of the sequence. Fig. 6Base composition at the three codon positions in L1, CR1 (in lizard and frog), Daphne (in fish) and L2 ORF2

We then investigated how the base composition at the three positions affects codon usage and the amino acid sequence of the encoded protein. Supplementary figure [3](#MOESM3){ref-type="media"} shows examples of codon usage for L1 and L2 ORF2 in lizard and zebrafish, compared with the codon usage of the hosts' exomes. For lizard L1, it is always the A-rich codon that is preferred while the opposite trend is found for L2. For instance, codon GAA is used more than 70% of the time in L1 to encode glutamic acid, whereas it is GAG that is used more than 80% of the time in L2, and both codons are used almost equally in the host exome. In contrast, there is very little difference in codon usage between L1 and L2 in fish since both elements are similarly AT-rich and both L1 and L2 show a preference for AT-rich codons compared with the exome. These trends are summarized by the Relative Synonymous Codon Usage (RSCU; Table [3](#Tab3){ref-type="table"}), which shows a preference for codons with an A at the third position in AT-rich elements with an A bias on the positive strand and a preference for an A or a T for the fish AT-rich elements. Table 3Relative Synonymous Codon Usage (RSCU) for ORF2 in lizard, frog and fish L1 and L2 elements, lizard and frog CR1 and zebrafish Crack. The highest RSCU for each amino acid is highlighted in grey. Codons with an A at the third position are in bold

The codon usage bias was further investigated using three statistics - Nc, CAI and RCDI. Nc, also called the effective codon usage, can range from 20, when a single codon is used to encode for each amino acid, to 61 when all codons are used equally. We found the lowest values of Nc for elements that have the strongest A bias (mammalian or lizard L1) or AT bias (fish L1, Daphne and Crack) whereas elements that are GC rich (lizard L2) or have a base composition similar to the exome (Rex1) exhibit a higher value (Table [1](#Tab1){ref-type="table"}). This general trend is reflected by the fact that when the GC content at the third position of codon increases, so does the value of Nc (Supplementary material [4](#MOESM4){ref-type="media"}).

The Codon Adaptation Index (CAI) is a measure of how closely the synonymous codon usage of a sequence matches that of a reference set, in our case the genome of the host. Table [1](#Tab1){ref-type="table"} shows the observed and expected average values of CAI given the base composition of the sequence. The values of CAI for the different types of nLTR-RT are remarkably similar to each other and the observed and expected values are almost identical. This indicates that there is no synonymous bias and that the frequency of the different codons fits what is expected given the nucleotide content of the sequence. This is consistent with the weak correlation between the synonymous GC content and the observed values of CAI (*r*^*2*^ = 0.05, *p* = 0.0016; Supplementary material [4](#MOESM4){ref-type="media"}).

The Relative Codon Deoptimization Index (RCDI) is a measure of how different the codon usage in a sequence is relative to a reference set. An RCDI value of 1 indicates that the codon usage of a sequence is identical to the reference and the larger the value of RCDI the larger the difference in codon usage is. The lowest values of RCDI were found for elements with high GC content such as Rex1, the lizard L2, and RTE, and the highest values were found for the high AT rich elements such as L1 and the fish Daphne and Crack (Table [1](#Tab1){ref-type="table"}). In this case, we found a strong negative correlation between the GC content and the RCDI (*r*^2^ = 0.57, *p* \< 0.00001; Supplementary material [4](#MOESM4){ref-type="media"}), which indicates that the higher the GC content the smaller the difference in the codon usage of the element and the codon usage of the host. Interestingly however, the observed RCDIs are lower than the expected RCDI (z = − 11.44, *p* \< 0.00001), given the base composition of the sequence (Table [1](#Tab1){ref-type="table"}). This suggests that the codon usage of the element is closer to the codon usage of the host than expected given the base composition of its sequence, which indicates a certain level of codon usage adaptation.

Another consequence of nucleotide bias is that it can affect the amino acid composition of the ORFs, which in turn can affect the physico-chemical properties of the proteins as well as their stability. Supplementary figure [5](#MOESM5){ref-type="media"} compares the amino acid composition of L1 and L2 ORF2 in lizard, frog and fish. The A-rich lizard L1 is considerably enriched in amino acids encoded by A-rich codons such as lysine (AAA and AAG) and Isoleucine (ATA, ATT and ATC), which respectively account for 13.6 and 9.8% of ORF2p. In contrast, amino acids encoded by GC rich codons, such as alanine (GCN; 8.6%) and arginine (CGN, AGT, AGC; 8.2%) are more abundant in lizard L2. Similarly, the CT-rich frog L2 encodes a protein enriched in CT-rich encoded amino acids, such as serine (TCN, AGT, AGC; 14.5%) and leucine (CTN, TTA, TTG; 15.9%). As expected, the amino acid composition of L1 and L2 in fish is very similar since these elements have similar nucleotide content.

Impact of base composition differences on transcription {#Sec7}
-------------------------------------------------------

We then examined how biases in base composition can affect the transcription of retrotransposons. Because an AT-rich sequence is more likely to contain premature polyadenylation (polyA) signals, which would result in inefficient transcription \[[@CR21]\], we assessed the number of canonical and non-canonical (AATAAA, ATTAAA) polyA signals in ORF2 (Table [1](#Tab1){ref-type="table"}). The number of polyA signals is correlated with the abundance in AT (*r*^*2*^ = 0.55, *p* \< 0.00001; Supplementary material [6](#MOESM6){ref-type="media"}). AT rich elements, such as L1 have more polyA signals (up to 23 for ORF2 in lizard) than GC rich elements, which can have zero or one (such as RTE elements). This suggests that the ORFs of some clades may be transcribed much more efficiently than others. It should be noted that the number of polyA signals in L1 seems to exceed the expected number relative to other elements. For instance, the base composition of the lizard L1 and the fish Daphne are almost identical (66.8%AT), yet there are more than two times more polyA signals in lizard L1 (23.0 ± 6.5) than in fish Daphne (10.0 ± 2.9). Similarly, the lizard Penelope has the same base composition as the mammalian L1 (62.7 and 62.3% AT, respectively), yet the mammalian L1 has on average 2.5 times more polyA (13.5 ± 3.5) than the Penelope (5.4 ± 2.6). This suggests either a stronger selection against polyA signals in non-L1 clades or selection in favor of polyA in L1, possibly to tune the level of transcription to a level tolerable by the host.

Mutation pattern {#Sec8}
----------------

We then investigated if the pattern of mutations in the different elements can account for the difference in base composition. To this end we estimated the relative proportion of mutations in genomic copies relative to the consensus sequence. To make sure that the L1 and L2 datasets were truly comparable we selected subsets of L1 and L2 elements of the same levels of divergence and thus of the same age. We chose to eliminate mutations shared by multiple elements since these mutations are likely inherited from a common progenitor. Thus, we focused our attention on singletons, i.e. mutations that are unique to a sequence. Figure [7](#Fig7){ref-type="fig"} shows the normalized proportion of de novo mutations for L1 and L2 in lizard, frog and fish. Some general trends are apparent, but there are also some differences among elements. In all cases, mutations from C to T and mutations from G to A are the most frequent (except for frog L1 for which we found a large proportion of T to C mutation), and this is true even when mutations in CpG are excluded. Interestingly, the strength of this mutational bias is clade specific. For L1, 42 to 46% of novel mutations are C to T or G to A while this proportion is 33 to 34% for L2. Since the lizard, frog and fish L2 have drastically different base composition, this bias is not related to the nucleotide content of the elements or its CpG content (which is very different among species). It should be noted that mutations at CpG are unlikely to have a substantial effect on the overall base composition of elements since the number of CpG in each sequence represents a tiny fraction of the length (for instance, from 0.9 to 1.8% of all possible dinucleotides in L1 are CpG) and even if all CpG mutated to TpG or CpA this would have a marginal effect on the base composition. In addition, the elements with the highest number of CpG, the lizard L2s (4.1% of all dinucleotides are CpG) have retained a high GC composition over a long period of evolutionary time, although their CpGs are not immune to a high mutation rate toward TpG and CpA (Fig. [7](#Fig7){ref-type="fig"}). Fig. 7Normalized percentage of mutations in genomic copies of L1 and L2 in lizard, frog and fish. Only singletons are shown (see text)

Although mutations from C to T are more common than T to C and mutations from G to A are more common than A to G (from 1.2 to 4.8-fold), there are differences among clades and among species. For instance, mutations from T to C and from A to G in lizard L2 and frog L1 account for \~ 30% of all mutations while they account for 14 to 19% for the other elements. Whatever the cause of these differences, it remains that all elements experience a mutation pressure toward an AT-rich nucleotide content, and when all mutation types are combined, we calculated an overall excess of mutations from GC to AT ranging from 1.4 to 2.9.

Discussion {#Sec9}
==========

We performed a comprehensive analysis of the base composition of the major clades of nLTR-RTs active in vertebrates. Our results can be summarized as follows. First, we showed that the nucleotide content differs markedly among clades of nLTR-RTs within the same host and that elements belonging to the same clade can differ in base composition among hosts. Using phylogenetic analysis, we demonstrated that nucleotide content remains constant within the same host over an extended period of evolutionary time. It had been shown that the base composition of TEs differs from the base composition of hosts' genes \[[@CR38], [@CR39]\] and that TEs show a tendency to be enriched in AT at the third position of codons, independently of the genome of origin \[[@CR24], [@CR40]\]. Based on this difference, it was proposed that the unusual nucleotide content of TEs can be used to identify them in genomes \[[@CR39]\]. Here we showed that this picture needs to be revised and that there are some subtle differences in base composition among elements of the same clade (for instance the A-bias of L1 in mammals, lizard and frog versus the similar abundance of A and T in fish) but also some large differences among elements found in the same genomes (for instance L1 and L2 in lizard).

Base composition variation and horizontal gene transfer {#Sec10}
-------------------------------------------------------

A possible explanation for the heterogeneity in base composition within host is horizontal gene transfer (HGT). There are many cases of HGT across kingdoms of class II elements (e.g. DNA transposons) and some of these cases involve vertebrate hosts \[[@CR41]--[@CR43]\]. Such events are however exceedingly rare for nLTR-RTs. A recent investigation of HGT based on 759 eukaryotic genomes \[[@CR11]\] showed that, although possible, HGT of nLTR-RTs remains largely limited to elements of the RTE clade \[[@CR9], [@CR44]\]. The same study identified six potential instances of HGT of Tx1 elements involving aquatic organisms (mostly invertebrates) but these proposed cases are extremely ancient and most cases are supported by a very small number of sequences. These authors also propose a seventh case, namely the HGT of L1 in mammals but their only argument is the apparent lack of L1 elements in monotremes and they are ignoring other arguments in favor of the vertical transmission of L1 in vertebrates, for instance the fact that the phylogeny of L1 in vertebrates matches perfectly the phylogeny of their hosts \[[@CR16], [@CR45]\]. Even if nLTR-RTs, other than RTE, were shown to be transferred horizontally in vertebrates, the data currently at hand support the idea that such cases would be extremely rare, and that vertical transmission is the main mode of transfer of nLTR-RT in vertebrates.

Our dataset however contains some indications that HGT has occurred and could explain some of the differences and similarities in base composition. First, we found within the same genome (Medaka) three RTE families with very different base composition, suggestive of horizontal transmissions from different sources. Second, we found a Rex1 element in frog that showed a higher level of similarity with a fish element than this element had with other fish Rex1. Finally, we found in Tx1, four GC-rich sequences nested among AT-rich fish Tx1, which could be explained by HGT. These different cases will need to be analyzed in more details, however, at the time of our study, BLAST searches of public databases using those sequences did not produce any further support for HGT.

For the other clades analyzed here there is no reason to believe HGT played a role, however we can't fully exclude it. It is indeed possible that the presence of some nLTR-RT lineages in a genome is the result of an ancient event of HGT from a host with a very different base composition. For instance, it is plausible that the GC-rich L2 element of lizard was acquired a long time ago from an unidentified host. It remains however that this element persisted and diversified in the genome of the lizard for an extended period of evolutionary time and yet retained the same base composition, despite a mutational pressure toward a higher AT content. Thus, even if we hypothesize the ancient transfer of nLTR-RT harboring different base composition, the persistence of the nucleotide content over long periods of evolutionary time remains to be explained.

Base composition is likely maintained by selection {#Sec11}
--------------------------------------------------

There are two main categories of mechanisms that can account for differences in base composition among clades of nLTR-RTs. First, if elements are exposed to different mutational processes, this can lead to different base composition over time. However, an excess of mutations toward AT is observed for all types of elements, even elements that are not AT-rich, and thus mutation alone does not appear to be the main cause of difference in nucleotide content among nLTR-RTs. This is not to say that mutation does not play a role as we did observe some differences in the pattern of mutations of elements among clades and among hosts. For instance, the lowest bias in favor of AT was found for the GC-rich L2 element of lizard and for the CT-rich L1 element of frog, and could thus contribute to the unusual base composition of these elements. The causes of the differences in mutational bias are unclear and will require further investigations that are beyond the scope of this study. Among possible factors, mutations at the hyper-mutable CpG dinucleotides, whose repair affects the probability of mutations at non-CpG sites \[[@CR46]--[@CR48]\], editing by APOBEC proteins \[[@CR49]\], that have been shown to differentially affect L1 and L2 elements in lizard \[[@CR50]\], or GC-biased gene conversion, which will affect differently elements that reside in regions of different recombination \[[@CR51], [@CR52]\] will need to be examined.

Alternatively, selective processes may dictate base composition. There are three lines of evidence suggesting that selection plays a role in the evolution of base composition. First, the base composition of a clade remains stable for extended period of evolutionary time within the same host, even though there are no intrinsic reasons why ORF2 should necessarily be AT-rich, as demonstrated by the diversity in nucleotide content of this ORF. This is exemplified in L1, which has retained an AT-rich composition with an A bias in lizard and an AT-rich composition with no A bias in fish, although L1 experienced intense lineage diversification in these organisms. Second, clades of nLTR-RTs have retained their base composition despite a mutational pressure that should have pushed them all toward an AT-rich composition, yet some clades (L2 in lizard and frog) have retained a GC-rich or CT-rich composition. This means that these mutations towards AT are not recruited in the active lineages, possibly because they are not favorable to the replicative success of the elements. Third, when there are more than one ORF the base composition of the two ORFs differs, while a strict mutational model predicts that the two ORFs should harbor similar nucleotide content. This is exemplified in L1, where the AT content in ORF2 is always higher than in ORF1.

What could be the basis of this selection? A possible explanation is that the base composition reflects selection for transcriptional efficiency or inefficiency, depending on the elements. It had been demonstrated that the AT richness of most nLTR-RTs results in poor transcription, possibly as a means of self-regulation of the elements \[[@CR21], [@CR23]\]. The fact that in the most AT-rich elements, the three positions of codons are similarly AT-rich is consistent with a process that is independent of the protein-coding capabilities of the ORF. The base composition of Rex1 and L2 in lizard and frog does not fit a self-regulation model since their ORFs are not enriched in AT and potential premature poly-adenylation signals. This leads to two testable hypotheses. Either these elements are transcribed at a much higher rate than AT-rich elements and are repressed (or self-regulated) by other means, or they are intrinsically less efficiently transcribed because of a weak internal promoter. These two hypotheses will require experimental testing.

It is however also likely that selection acts at the translational level. Although the synonymous codon usage does not deviate from expectation (as indicated by the CAI analysis), the overall codon usage of ORF2 is always more similar to the codon of the host than expected given the base composition of the element (as suggested by the observed RCDI values which are always lower than the expected one), which is indicative of a certain level of adaptation to the host. Selection for a more optimal codon usage could also explain why the base composition of ORF1 is less biased than ORF2, since ORF1p needs to be produced in larger amount that ORF2p for successful transposition. It is thus likely that the base composition of nLTR-RTs is evolving in response to the joint effect of selection for lower (or higher) transcription and selection for more (or less) efficient translation of the ORFs.

Conclusions {#Sec12}
===========

Our analysis on base composition evolution provides some insights on the nature of the interactions between TEs and their host and among TEs within a genome. The persistence over long time scales of base compositions that are not optimal for the replication of elements support a model of co-existence between nLTR-RTs and their hosts. Interactions between TEs and their host can range from an arms race, where hosts evolve repression mechanisms imposing a selective pressure on TEs to evade repression, to domestication, where TEs and the hosts are peacefully co-existing because they are both indispensable to the survival of each other. There are examples of both models in the literature, however it is unclear which model is the most common in nature. In a recent review, Cosby et al. examined in great details the literature on this topic and they proposed that the arms race model may not be the most prevalent one \[[@CR53]\], but that instead, strategies that would allow TEs to persist and multiply without jeopardizing the fitness of the host have been overlooked. In this context the stability of sub-optimal base composition may provide an example of self-regulation of nLTR-RTs to maintain a harmonious relationship with their hosts. Another implication of this research is that it supports the idea that the genome is comparable to an ecosystem in which TEs compete for host resources, i.e. the community ecology of the genome \[[@CR54], [@CR55]\]. If we push this metaphor a little further, TEs can possibly occupy different "genomic niches" if they don't use the same resources and thus co-exist in the genome of their hosts. The co-existence of L1 and L2 in lizard illustrates this scenario. Given their base composition, it is likely that these two elements do not use the same pool of tRNA and of amino acids for their translation and therefore occupy different niches in the genome of their host. The idea that nLTR-RTs can coexist because they differ in their use of resources will need to be better studied both theoretically and experimentally, but present an intriguing research direction to understand the mechanisms that account for the diversity of TEs in genomes.

Methods {#Sec13}
=======

The majority of the sequences analyzed here had previously been described \[[@CR16], [@CR36], [@CR56]\] or were obtained from Repbase (<https://www.girinst.org/repbase/>). Classification of sequences was determined using the RTclass1 tool \[[@CR6]\]. For all consensi we verified that the ORFs were intact. In the few cases they were not intact, we collected genomic copies and refined the consensus sequences. Note that we only analyzed families with a divergence from consensus lower than 5% to reduce the uncertainty in building consensus sequences. Sequences were aligned at the DNA and protein level using Geneious version 8.1.5 ([www.geneious.com](http://www.geneious.com)), which was used to estimate nucleotide content. Geneious 8.1.5 was also used to estimate the level of similarity among amino acid sequences. For comparison, we estimated the base composition of the genes in each host genome. This was accomplished by downloading the corresponding RefSeq databases from NCBI and by calculating for each gene the nucleotide composition. We first verified that the distribution of base composition values for host genes and for each nLTR-RT clade within each genome was consistent with normality using the Kolmogorov-Smirnov test of normality. Then, base composition between host genes and nLTR_RT clades and among nLTR-RT clades within and between genomes were statistically compared using ANOVA or t-test.

Phylogenetic reconstructions were performed on protein sequences using the maximum likelihood method in MEGA 6.06 \[[@CR57]\] or in phyML \[[@CR58]\]. The best model of sequence evolution was selected using the AIC criteria with SMS \[[@CR59]\]. The robustness of the trees was assessed using 500 bootstrap resamplings. Trees were reconstructed either using the RT domain alone, the entire ORF2 or a concatenation of the endonuclease (from conserved motifs I to IX) and RT domain (from conserved motifs 0 to 8) as defined in \[[@CR60]\].

Analyses of the base composition at the codon level were performed using the CAIcal platform at <http://genomes.urv.es/CAIcal> \[[@CR61]\]. This site calculates the base composition at the three positions of codons and estimates statistics used to assess codon bias. For each codon we estimated the Relative Synonymous Codon Usage (RSCU), defined as the number of times a codon is used, divided by the number of synonymous codons encoding the same amino acid \[[@CR62]\]. We also calculated three estimators of codon usage bias, Nc, CAI and RCDI. Nc is the effective number of codons and quantifies how much the use of a specific codon in a gene deviates from equal use of all synonymous codons \[[@CR63]\]. Its value ranges from 20, when each amino acid is encoded by a single synonymous codon, through 61, when all synonymous codons are equally represented. The Codon Adaptation Index, CAI \[[@CR64]\], estimates codon bias given the codon usage of an organism and the nucleotide content of the gene. The CAI ranges from 0 to 1, a value of 1 indicating that it is the most common synonymous codon that is used, which is suggestive of a low codon bias. Significance of CAI is determined by comparing the observed values of CAI with the expected CAI (eCAI), which is an estimator of the random codon usage assuming the base composition of the sequence studied \[[@CR65]\]. Finally, we calculated the Relative Codon Deoptimization Index (RCDI), which is a measure of how different the codon usage in a gene is relative to a reference set \[[@CR66]\]. The higher the similarity between codon usage of the host and the sequence of interest, the closer the value of RCDI is to 1. Statistical significance of RCDI was assessed by calculating the expected RCDI (eRCDI), which is determined by generating random sequences with similar nucleotide content and amino acid composition to the input sequence \[[@CR67]\].

We determined the pattern of mutation of each clade in each species by collecting at least 8 genomic copies for each family. The alignments consisted of the entire second open-reading frame (ORF2). The genomic copies were aligned to each other and to the consensus of their respective family. The different types of mutations were tabulated using the "Find variations/SNPs" in Geneious 8.1.5. Differences among elements may result from de novo mutations or from differences they inherited from their progenitor. Since we were interested specifically in the type of mutations that elements experience after, or at the time of insertion, we excluded mutations that were shared between elements since those were likely inherited from a common progenitor, and may have been filtered by selective processes (due to the constraints acting on the ORF of the elements). Thus, only singletons were compared among sequences. Note that the families analyzed here are very young and, thus, determining the ancestral and derived state of the nucleotide is trivial. For mutations from C to T and from G to A, we distinguished mutations in CpG dinucleotides from mutations in non-CpG context. This is because C and G in a CpG context mutate at a rate 10 to 50 times higher than in non-CpG \[[@CR68]--[@CR70]\].
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